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A new triple-stranded a-helical bundle in solution: the assembling
of the cytosolic tail of MHC-associated invariant chain
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Bjørn Bremnes3 and Oddmund Bakke3
Background: The invariant chain (Ii) is a transmembrane protein that
associates with the major histocompatibility complex class II (MHC II) molecules
in the endoplasmic reticulum. The cytosolic tail of Ii contains two leucine-based
sorting motifs and is involved in sorting the MHC II molecules to the endosomal
pathway where the peptide antigen is bound. This region of Ii also contributes
to phenotypical changes in cells, such as the formation of large endocytic
structures.
Results: We report here the three-dimensional structure of a 27 amino acid
peptide corresponding to the cytosolic tail of Ii. The structure was determined
by nuclear magnetic resonance (NMR) spectroscopy using a computational
strategy. At high concentration, this structure reveals a new triple-stranded
α-helical bundle in which the helices, two parallel and one antiparallel, are
almost coplanar. Trimerization is mediated by electrostatic interactions
intercalated by three hydrophobic layers.
Conclusions: The new trimer fold, the first to be identified by NMR data alone,
can be used to improve understanding of protein–protein interactions and to
model multiple-helical transmembrane proteins and receptors. We suggest that
interactions of the Ii cytosolic tails may form part of a mechanism that could
cause the endosomal retention and enlarged endosomes induced by Ii.
Introduction
An important approach to developing an understanding
of protein folding is the structural study of peptides
designed to fold into established protein secondary and
tertiary motifs [1,2]. In recent years, a variety of different
proteins and peptides has been prepared, including four-
helix bundles [3,4], β-sandwich proteins [5–7], and
mixed α-β proteins [8,9]. An initial approach, by Eisen-
berg and DeGrado and their coworkers towards de novo
synthesis of a four-helical bundle protein [10,11], was the
synthesis of a 16-amino acid peptide (named α-1a) which
would self-associate to form an α-helical tetramer. NMR
investigation [12] of the solution structure of α-1, a
peptide shorter than α-1a, indicated that at high peptide
concentration an oligomer forms in which the monomers
are regular helices throughout the length of the peptide.
Unfortunately, because of the fast exchange between
monomer and oligomer, the authors could not conclude
anything about the symmetry or stoichiometry of the
structure of the oligomer. Lovejoy et al. [13] reported that
the crystal structure of coil-Ser, a peptide designed to
mimic the two-stranded coiled-coil conformation of tropo-
myosin, is actually a triple-stranded coiled-coil formed by
three α helices forming the letter ‘N’, with the helical
axes running up-up-down.
hIi-(1–27) peptide, the subject of this article, was origi-
nally studied to understand the structure/activity relation-
ship of the sorting motifs of the major histocompatibility
complex class II (MHC II) associated human invariant
chain (hIi) protein [14]. The peptide corresponds to the
first 27 amino acids of the N-terminal cytosolic tail of hIi,
and is involved in sorting to endosomes and the formation
of large endosomal structures [15–19]. The mechanisms
behind the retention of hIi and endocytosed material in
early endosomes [20] and the formation of large endo-
somes are not known. It has, however, been reported that
the N-terminal 11-residue region of hIi is essential for the
formation of large vesicles and for retention in the endoso-
mal pathway [16,17]. We show here that the hIi-(1–27)
peptide at high concentration aggregates forming a copla-
nar triple-stranded α-helical bundle. This architecture,
the first to be determined in solution, well reproduces the
interhelical parameters of bacteriorhodopsin. We suggest
that this architecture can be used as a building block for
the packing of multiple-helical transmembrane proteins
and receptors, and it may also help to further improve our
understanding of protein–protein interactions. The struc-
tural trimerization/aggregation properties of the hIi cytoso-
lic tail in vitro correlate with the in vivo large endosome
formation suggesting that these two events are related.
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Results
NMR structure determination
The structure of the peptide hIi-(1–27) was determined
in methanolic solution at pH 7.2 by the homonuclear 1H
NMR approach [21]. At a concentration of 1.2 × 10–4 M
the peptide is monomeric [14]. Using a combination 
of standard scalar correlation and nuclear Overhauser
enhancement spectroscopy (NOESY) experiments, com-
plete sequential resonance assignments have been
obtained for the monomer. The secondary structure of
hIi-(1–27) was delineated from the qualitative pattern
recognition approach of the sequential and medium-
range nuclear Overhauser effects (NOEs), as derived
from two-dimensional (2D) experiments [22]. Figure 1
summarizes the observed NOEs, the relative exchange
rates of amide protons and the apparent 3JHNα coupling
constants for the monomeric hIi-(1–27) (black and empty
symbols). The fact that in the region Gln4–Leu17 the
NHi-NHi+1 NOEs are intense, while the αCHi-NHi+1
NOEs are much weaker, implies a generally helical struc-
ture. The observation of several unambiguous αCHi-
NHi+3, αCHi-βCHi+3 and two αCHi-NHi+4 cross-peaks
strongly supports the presence of a helix [22]. Further
corroborative data come from slowly exchanging amides
and 3JHNα coupling constants. Except for Gln13, all the
amide protons in the Gln4–Leu17 region are in slow
exchange, and except for Met16, all residues have
3JHNα < 6 Hz. As no αCHi-NHi+2 cross-peaks, suggestive
of a 310 helix, were detected in the middle region of the
peptide we conclude that an α helix is present in the
Gln4–Leu17 region of hIi-(1–27) with a bend at Pro14.
For the C-terminal tail, two type II β turns (Arg20–Ala23
and Ala23–Ser26) are found in the region Arg20–Ser26.
These data confirm the structure found for the monomeric
hIi-(1–27) in water-methanol (80%–20% v/v) [14].
The N-terminal 11-residue region of hIi is essential for
the formation of large vesicles and for retention in the
endosomal pathway [16,17]. In order to investigate the
tendency of hIi-(1–27) to possibly regulate vesicle forma-
tion, we studied its behavior upon variation of the
peptide concentration from 1.2 × 10–4 M to 1.0 × 10–2 M.
All solutions were stable for several months, but upon
further increase of the concentration the sample rapidly
formed a gel. Concentration increase caused progressive
spectral changes of backbone amide resonances. Signifi-
cant variation of the chemical shift was observed for the
amides of residues Asp2–Asp6 with a general broadening
of the resonances (AM, PA, PF and MACM, unpublished
results), suggesting the presence of concentration-depen-
dent self-association [12]. 2D-NMR experiments revealed
additive cross-peaks for all residues. Figure 2 compares
the total correlation spectroscopy (TOCSY) NHi-βCHi
regions of hIi-(1–27) at different concentrations. On going
from 1.2 × 10–4 M (Figure 2a) to 2.6 × 10–4 M (Figure 2b),
extra cross-peaks of different intensity are observed for
Asn10 and Asn11 as well as for the NHi-αCHi connectivi-
ties of Arg5–Ser9 (not shown). The unusual observation
of Met1 NH (Figure 2b) suggests that the aggregation
brings about a decrease of the exchange rate of this
proton with the solvent. This exchange mechanism is
usually fast and is responsible for the non-observability
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Figure 1
Sequential and secondary structural
interresidue NOEs observed for hIi-(1–27).
The data were collected in methanol at 300K
(pH 7.2), for the monomer and the trimer.
NOE intensities are indicated by the height of
the bars. Empty bars refer to the effects of the
Hδ protons of proline residues. The coupling
constants are labeled: l, apparent
3JHNα < 5.0 Hz; m, measured 3JHNα > 7.0 Hz; o,
6.0 Hz ≤ 3JHNα ≤ 7.0 Hz. Filled circles also
label residues for which slow exchange of NH
protons with deuterons was observed.
Hatched bars and circles refer to extra NOEs
and variation of the coupling constants,
respectively, observed in the aggregate.
of the N-terminal proton in a polypeptide [21]. At
1.4 × 10–3 M (Figure 2c) all the amino acids of the
polypeptide show satellite peaks. In particular, six con-
nectivities were observed for amino acids in the helical
region (compare, for example, Asp6, Asn10 and Asn11
with Met1), but these reduced to three cross-peaks at
6.0 × 10–3 M (Figure 2d). Further increase of the concen-
tration up to 1.0 × 10–2 M always showed three peaks per
residue and no chemical shift variation. Beyond this limit
the sample formed a gel. This observation strongly sug-
gests the presence of three different molecular species,
termed P1, P2 and AP, which were fully assigned by
resorting to homonuclear three-dimensional (3D) experi-
ments (AM, PA, PF and MACM, unpublished results).
The three cross-peaks observed in Figure 2d do not rule
out the possibility that a 3n symmetric aggregate, where
n > 1, is present in solution (e.g. n = 2, hexamer; n = 3,
nonamer, etc.). To check this possibility, the apparent
molecular weight of the hIi-(1–27) at 6.0 × 10–3 M concen-
tration was measured by gel filtration. At this concentra-
tion hIi-(1–27) eluted with an apparent Mr of 9400 (open
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Figure 2
Comparison of the TOCSY NHi-βCHi regions
of hIi-(1–27). Data were collected in methanol
at 300K (pH 7.2), at different concentrations:
(a) 6.0 x 10–3 M, (b) 1.4 x 10–3 M, (c)
2.6 x 10–4 M and (d) 1.2 x 10–4 M. Where
possible, cross-peaks are labeled with the
one-letter code for amino acids and the
sequence number.
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Structure
circle in Figure 3) in close agreement with the calculated
molecular size for a trimer (Mr = 9208). The possibility of
an equilibrium of different oligomeric states was also ruled
out by examining the elution pattern obtained for the cor-
responding hIi-(1–27) Ser26→Trp analogue at the above
concentration (data not shown). Such a derivative was
used to measure the extinction coefficient of the peptide
at 280 nm (the native hIi-(1–27) lacks aromatic amino
acids) which, reported against the elution volume, appeared
to be symmetric, indicating that a single species is present
in solution. 2D-NOESY spectra also ruled out possible
conformational changes for the presence of Trp26. We
also applied electrospray ionization mass spectrometry
(ESI-MS) to the analysis of the number of polypeptide
chains involved in the aggregate [23] at different pHs and
declustering potentials. The ESI spectra of the aggregate
at low declustering potential (∆CS ≈ 5–10 V) displayed,
among others originating from the monomer and the
dimer, an intense peak for the 7+ charged molecular ion at
m/z = 1316. This is diagnostic for the trimeric peptide: Mr
of the monomeric hIi-(1–27) = 3069; (M3)7+ produced a
peak at m/z = (3 × 3069 + 7)/7 = 1316.3. There was no indi-
cation of a tetrameric structure as the possible tetrameric
molecular ions (M4)7+, (M4)9+ and (M4)11+ did not appear at
m/z = 1754, 1363, and 1115, respectively. The [M + 7 H]7+
ion of the trimer completely disappeared upon dissocia-
tion at higher ∆CS (60 V), thus confirming the noncova-
lent nature of the complex.
Structural restraints and calculations
Structural information on the aggregate was obtained using
3D-NOESY data. The intramolecular NOEs observed for
the monomer were all confirmed, and three new NOE
connectivities (hatched bars in Figure 1) were detected;
the coupling constants of Asp2 and Asp3 became < 6.0 Hz
(hatched circles). According to these results, in the aggre-
gate the chains are α helical in the region Asp2–Leu17
thus including Asp2 and Asp3 within the helix. Derivation
of distance restraints for calculating the NMR structure of
a homotrimer is complicated by the inability to distinguish
a priori an intramolecular NOE from an intermolecular
NOE. All NOEs were interpreted in a very conservative
manner, and only those that were well resolved and clearly
inconsistent with the global fold of the monomer were
assigned as intermolecular contacts. Clear examples include
the well-resolved NOEs between εCH3 of P1 Met1 and
P2 Met1 with δCH3 of AP Leu14; εCH3 of AP Met1 with
the γCH3 of P2 Leu17 and with εCH3 P1 Met16 (Figure 4)
as well as between the η protons of AP Arg5 and the γ
protons of P1 Glu12 and P2 Glu12. In all, 40 intermolecu-
lar contacts were assigned, and these were sufficiently dis-
tributed to establish the antiparallel nature of the trimer
symmetry with one antiparallel and two parallel helices. It
is worth noting that the trimer is well defined by 40 NOEs
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Figure 4
Critical intermolecular contacts used to define the antiparallel nature of
the hIi-(1–27) trimer. The figure shows the aliphatic region of the
500 MHz 2D-NOESY spectrum of the peptide acquired with 0.040 s
mixing time at pH 7.2 and 300K. It is possible to see the well resolved
cross-peaks between εCH3 of P1 Met1 and P2 Met1 with δCH3 of AP
Leu14; εCH3 of AP Met1 with the γCH3 of P2 Leu17 and with εCH3
P1 Met16.
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Figure 3
Determination of the molecular weight of the hIi-(1–27) peptide by gel
filtration at a concentration of 6.0 × 10–3 M. The apparent molecular
weight of the peptide (9400 Da) is represented by an open circle.
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as in its final structure the maximum number of theoreti-
cally observable NOEs is 52. A starting structure was
created by manually positioning three monomers with
helices P1 and P2 in a parallel arrangement and AP in an
antiparallel arrangement according to the N-shaped triple-
stranded α-helical bundle [13]. The orientation of the
three molecules was optimized visually based on inter-
molecular NOEs (Figure 4). The starting structure was
generated using a series of simulated-annealing (SA)
runs. After analysis of energy and violations, the best 40
structures were energy minimized, solvated in a periodic
box of 5120 methanol molecules and subjected to a 500
ps run of restrained molecular dynamics (MD) with all
intra- and interchain restraint, followed by 1 ns of MD
with interchain restraints only. Figure 5 shows a stereo-
view of the best-fit superposition of the backbone atoms
of 25 structures sampled every 10 ps in the last 250 ps of
the 1 ns run: a unique backbone fold is obtained along
the whole chain, with some lack of convergence around
Arg20. This spreading is well represented in Figure 6, in
which the thickness of the ribbon is proportional to the
root mean square (rms) deviation of the backbone atoms
during the 1 ns simulation. The structural statistics of the
25 NMR structures, as derived from the 1 ns run are
summarized in Table 1. Possible conformational biasing
induced by NOE restraints was ruled out by a 250 ps
unrestrained MD simulation performed on the final
restrained 1 ns structure.
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Figure 5
Figure 6
Stereoview of the calculated structures of the
average backbone atom positions of the hIi-
(1–27) trimer during the 1 ns simulation.
Cylinders represent the average helical
orientations, and thickness of the ribbon is
proportional to the root mean square deviation
of the backbone atoms. The three monomers
are colored green (P1), magenta (AP) and
blue (P2). (The figure was created with the
program MOLMOL [60].)
Stereoview of the calculated structures of the
hIi-(1–27) trimer. The figure shows the best-fit
superpositions of the backbone atoms of the
selected 25 NMR-derived structures of the
trimer. The structures are superimposed using
residues 4–15, with a root mean square
deviation of 0.797 ± 0.179 for this region, and
1.120 ± 0.320 for all residues. The three
monomers are colored green (P1), magenta
(AP) and blue (P2). (The figure was created
with the program MOLMOL [60].)
Three-dimensional structure of the trimer
The average structure exhibits an almost perfectly anti-
parallel orientation between AP and P1 (central and left
helices, respectively, in Figure 7a). Their helical axes
form an angle of 5.6°, while the P2 helical axis forms an
angle of 32° with both AP and P1. The distances between
the helical axes are 9.7 Å (AP–P1), 11.1 Å (AP–P2) and
19.3 Å (P1–P2). The AP and P2 helices are almost coplanar
showing a head-to-tail arrangement with very strong inter-
actions between the AP C-terminal and the P2 N-terminal
regions, and between the P2 C-terminal and AP N-termi-
nal regions (Figure 7b). The P1 C-terminal region (blue
arrow; left helix), on the contrary, is almost perpendicular
to the helical average plane, and exhibits interactions with
P2 C-terminal residues (Figure 7b). The main secondary
structure elements are preserved in the MD simulation. In
particular, α helices are observed in the AP Asp3–Leu17
region, in the P1 Asp2–Leu17 region, and in the P2
Asp2–Pro15 region. An analysis of average hydrogen-bond
patterns observed in the MD simulation shows some dis-
tortion in the AP helix around Asp6, due to backbone–
sidechain interactions. In addition, a more extended per-
turbation of the hydrogen-bond network is observed for all
three helices from Ser9 to Asn11, due to the breaking
effect of Pro15 on the hydrogen-bond pattern. All three
chains are distorted at the C-terminal end of the helix,
with a type I β turn centered on Pro15–Met16 for AP and
P2, and on Leu14-Pro15 for P1. From Gly18, all of the
monomers form a bend at the end of each helical region.
In addition, a type I β turn centered on Asp2-Asp3 locks
the N-terminal end of the AP helix. A stable type II β turn
centered on Pro21-Gly22 is observed for P1 and P2, while
for AP this turn only occurs for about 4% of the simulated
time. Another type II turn centered on Pro24-Glu25 is
observed for AP, while in the other two monomers the
chain is strongly distorted at Pro24, and is found in an
inverse γ-turn conformation. Finally, a short β sheet com-
prising residues Gly18-Arg19-Arg20 and residues Glu25
and Ser26 is observed in the P1 helix.
Salt bridges (14) and hydrogen bonds (18), are localized in
a few regions. In particular, four salt bridges and four
hydrogen bonds are formed between Glu25-Ser26-Lys27
of AP and the Met1–Asp6 region of P2. Five other salt
bridges and one hydrogen bond join residues Asp2–Asp6
of AP, to Arg19 and Arg20 of P2. The AP N-terminal
region (residues Met1–Asp6) forms one salt bridge and
two hydrogen bonds with P2 Lys27 and P2 Ser26 and
three hydrogen bonds with the P2 central helix (Ile8,
Asn11 and Glu12); AP residues Arg5 and Asp6 form one
salt bridge with P1 Glu12, and two hydrogen bonds with
P1 Gln13 and P1 Ser9, respectively. The second half of
the AP helix (residues Asn10–Gln13) interacts with both
the P1 and P2 N-terminal regions, forming two hydrogen
bonds with P1, and one salt bridge and two hydrogen
bonds with P2. In spite of the large distance between the
P1 and P2 helical axes, strong interactions are observed
for some polar sidechains. In particular, salt bridges are
observed between P2 Arg20 and P1 Glu12, and between
P2 Glu25 and P1 Arg20, while two hydrogen bonds join P2
Glu25 to P1 Met16 and P1 Ser26. Electrostatic interac-
tions are intercalated by three hydrophobic layers, which
are approximately perpendicular to three average helical
axes (Figure 7c). These hydrophobic layers protect some
of the polar intermonomer interactions from the poten-
tially disrupting solvent effects. Except for the hydropho-
bic areas of mutual interactions of the three chains, the
overall structure seems to lack a real inside, and some
aliphatic sidechains are considerably ‘solvent exposed’.
In particular, AP and P2 (magenta and blue helices,
respectively, in Figure 7c) show two considerably solvent-
exposed sidechains (Met16 and Pro21 for AP, Met16 and
Leu17 for P2), while in P1 (green helix) six hydrophobic
sidechains (Leu7, Ile8, Leu14, Pro21, Ala23 and Pro24),
out of a total of ten, are solvent exposed. The solvent
accessibility of aliphatic sidechains is also retained in the
unrestrained MD simulations, thus ruling out the possi-
bility that the accessibility is an artifact due to NMR
restraints. It is worth recalling that beyond a concentra-
tion of 1.0 × 10–2 M, hIi-(1–27) rapidly formed a gel, thus
the presence of solvent exposed aliphatic sidechains can
explain the tendency of the trimer to associate into higher
order aggregates.
The 1 ns restrained MD simulation shows similar intra-
molecular and peptide–solvent interaction energies for AP
and P2, and both exhibit a strong interchain stabilization
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Table 1
Structural statistics of the 25 NMR structures of trimeric 
hIi-(1–27) peptide.
Backbone rms deviations (Å)
all (243 atoms)* 1.120 ± 0.320
residues 4–15 (108 atoms)† 0.797 ± 0.179
Rms deviations from 40 intermolecular
distance restraints (Å)
lower limits 0.008 ± 0.050
upper limits 0.019 ± 0.097
total 0.028 ± 0.108
sum of all violations 1.100
(φ,ψ) Rms from average values (°)
Whole chain(s)
AP/ P1/ P2/ All 7.714/ 6.949/ 7.490/ 7.378
Residues 4–15
AP/ P1/ P2/ All 5.186/ 4.977/ 4.827/ 4.997
Angular order parameter S‡
Whole chain(s)
AP/ P1/ P2/ All 0.989/ 0.992/ 0.989/ 0.990
Residues 4–15
AP/ P1/ P2/ All 0.996/ 0.996/ 0.996/ 0.996
*The maximum deviation was 1.684 at 0.558 min. †The maximum
deviation was 1.122 at 0.447 min. ‡See [61].
(AP–P2 energy is lower than AP–solvent and P2–solvent
contributions). In contrast, P1 has more favorable intra-
molecular and peptide–solvent interaction energies, but a
considerably weaker interaction with both the other two
chains. Therefore, from an energetic point of view, a
‘dimer-plus-one’ picture of this trimer emerges. The for-
mation of the trimer, however, involves a rearrangement
of the monomers, and not a simple addition of a monomer
to a dimer. MD simulations on isolated AP and P1 initially
set in a conformation corresponding to that assumed in the
trimer, have shown substantial differences with the trimer
structure (AM, PA, PF and MACM, unpublished results).
The first four residues and the region following Pro15
differ significantly in the monomeric and trimeric forms of
both simulated structures. In particular, the monomeric P1
chain shows a helical region (Arg5–Leu17) shorter than
the corresponding chain in the trimer, whose helix starts at
Asp2. In addition, a completely different orientation of the
C terminus is observed, owing to substantial differences in
the bend after Pro15. The short β sheet observed in the C-
terminal domain of trimeric P1 (blue arrow; left helix in
Figures 7a and b) is absent in the monomer, while the
remaining secondary structure elements are substantially
preserved. These results suggest that the structure of the
P1 chain in the trimer is strongly induced by aggregation,
and that the formation of the trimer involves a rearrange-
ment of each chain. The AP–P1 interactions are preva-
lently hydrophobic in nature, while those between AP and
P2 are mainly based upon electrostatic forces among
charged and polar groups. These structural data suggest
that the stability of the trimer depends upon a balance of
polar and hydrophobic interactions.
Discussion
Structural implications
We report here the structure of a new triple-stranded
α-helical bundle in solution. The trimer is formed by
three α helices running up-up-down and located almost
coplanarly. To the best of our knowledge, this is the first
time that the structure of a homotrimer has been solved by
resorting only to NMR data and calculations. The only
homotrimer to be previously described is the crystal struc-
ture of coil-Ser [13], in which the three α helices running
up-up-down form the letter ‘N’. As shown by the bac-
teriorhodopsin structure, the coplanar and the N-shaped
trimers appear to be complementary and both can be rel-
evant as building blocks for modeling multiple-helical
transmembrane proteins and receptors. In the structure
of bacteriorhodopsin [24], six out of seven helices are
arranged into two quasi-parallel coplanar trimers (helices
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Figure 7
Different views of the hIi-(1–27) trimer as
derived from 1 ns restrained molecular
dynamics calculations. The figure shows
views which are (a) perpendicular to and (b)
parallel to the average helical plane. The N
terminus of each monomer is in red and the C
terminus is in blue. Large ribbons, arrows and
tubes correspond to helical regions, β sheets
and other conformations, respectively. The
external monomers correspond to P1 (left)
and P2 (right). (c) Hydrophobic surfaces
(orange dots) formed within the trimer; the
corresponding hydrophobic residues are
shown in yellow. The P1, AP and P2
monomers are shown in green, magenta and
blue, respectively. (The figure was drawn with
the program MidasPlus 2.0.)
B, C and D; and helices E, F and G), similar to the
arrangement found for the hIi-(1–27) peptide. The two
trimers of bacteriorhodopsin are then locked by helix A,
which faces helices B and D, forming with them an N-
shaped structure. Figure 8 shows a superposition of P1, AP
and P2 with the bacteriorhodopsin helices D, C and B,
respectively, showing an impressive fitting of the interhe-
lical parameters. This observation suggests that the two
types of homotrimer represent two possible ways of arrang-
ing three helices. Both helical arrangements would certainly
help in predicting the packing of rhodopsin-like G protein-
coupled receptors, a widespread and rapidly growing family
of proteins that mediate signal transduction through a
diverse series of activating ligands. Members of this family
of proteins share a basic structural framework, believed to
consist of seven transmembrane helices [25]. The coplanar
trimeric folding motif has also been found in the structure
of aquaporin-1 [26,27], a member of the major intrinsic
protein superfamily of integral membrane proteins. The
structure of aquaporin-1 is composed of six membrane-
spanning α helices which appear to pack in three two-
helix pairs. This arrangement resembles the dimer-plus-one
picture found for the hIi-(1–27) peptide (vide supra). Our
results obtained for hIi-(1–27), therefore, establish a new
motif for understanding the topology and design of mem-
brane protein channels.
The hIi-(1–27) trimer is not related to the coiled-coil
family: it does not show the standard repeat (a b c d e f g)n
with hydrophobic residues at positions a and d and polar
residues elsewhere [28], and no superhelical parameters
could be obtained [29]. The three-dimensional structure
of hIi-(1–27) is determined largely by the pattern of polar
and hydrophobic residues and appears to be independent
of the geometric properties of the amino acid sidechains
involved in the trimerization. This is in line with recent
studies which report that the tertiary folds of globular pro-
teins, and not those of proteins of the coiled-coil family
[30], are insensitive to the details of packing, they are
determined instead by hydrophobic, polar and secondary
structure patterns in the amino acid sequence [31–34].
Wild type hIi is found to induce enlarged endosomal vesi-
cles and alter the characteristics of the endosomal pathway
[16–19]. The requirements within the essential membrane
distal part of hIi for altering the endosomes has been inves-
tigated by exchanging each residue within the region 2–11
to alanine and thereafter transfecting the simian COS cell
line (BB and OB, unpublished data). Such changes have no
visible influence on the formation of the large endosomal
structures. This agrees with the structural finding that glob-
ular proteins are able to accommodate multiple hydropho-
bic substitutions at the core positions without adopting a
new fold [31–34]. MD simulations of the trimer with mul-
tiple alanine substitutions in the region 2–11 show a more
compact helical region and no variation of the hydropho-
bic layers in the aggregate. Thus, rearrangement of the
hydrophobic core in response to the mutations allows the
tertiary fold to be conserved.
On the contrary, changing the polar pattern of the
Asp2–Asp6 region showed a dramatic change: the large
endosomes were not induced although the sorting signals
were intact. In particular, the single mutation of
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Figure 8
Stereoview superposition of the hIi-(1–27)
trimer chains P1 (green), P2 (dark blue) and
AP (magenta) with the D (orange), C (pink)
and B (cyan) helices of bacteriorhodopsin,
respectively. (The figure was created with the
program MOLMOL [60].)
Asp6→Arg, is sufficient to abrogate the effect (BB and
OB, unpublished data). A 250 ps MD simulation using
the Arg6 mutant, indicates an opening of the trimeric
structure (PA, PF, MACM and AM, unpublished
results). In general, shorter and distorted helical seg-
ments are observed for P1 (Asp3–Asn10 region) and P2
(Asp2–Leu14 region), with an almost complete unwinding
of the AP helix. Furthermore, energetic analysis shows
very low energy interactions between monomers. Arginine
is able to modify the intra- and interchain pattern of salt
bridges and hydrogen bonds due to the nature of its
charge, and its longer sidechain hampers the overall
packing of the trimer.
The overall three-dimensional structure of the trimer and
the presence of solvent exposed hydrophobic sidechains
suggest a possible explanation for hIi-(1–27) gelation. A
computer model of the gel presents layers of different
trimers held together by strong interactions between
C-terminal regions, with some penetration between adja-
cent hydrophobic regions and some noncovalent cross-
linking between them. The alternating hydrophobic and
hydrophilic layers of the trimer are fully preserved and
extended into three dimensions. Within the limitations of
the model, the formation of the gel network is mediated
by exposed hydrophobic interactions which stabilize
mutual interactions between trimers.
Possible implications for the Ii protein
In the absence of association with the MHC class II mol-
ecules, hIi forms a trimer in the endoplasmic reticulum
[35]. A fraction of the hIi trimers is transported to the
Golgi complex and is found in enlarged endosomal vesi-
cles. We postulate here that the aggregational properties
shown by the cytosolic tail of hIi may shed some light on
the formation of such vesicles. A model for retention of
molecules in the Golgi stack suggests that they form
aggregates which are too large to enter into forward-
moving transport vesicles [36,37]. Data showing that Golgi
enzymes interact and, in doing so retain each other, led
Nilsson et al. [38,39] to propose that these enzymes exist
in linear hetero-oligomers which are held together by
specific interactions. The interaction site has been local-
ized to the luminal stalk region of the proteins close to
the membrane. In analogy with this, the retention of hIi
in endosomes may also result from the formation of
oligomers, a property which might be linked to the in vitro
aggregation and gel formation shown here. hIi is found to
form trimers and the trimerization domain is believed to
be located within the luminal domain of hIi [40,41]. As the
oligomerization of the cytosolic tail requires an up-down-
up orientation, this may imply that different trimers to
those seen in vitro are involved in vivo. Higher order mul-
timers, at least hexamers, have been observed during the
purification of hIi and by gel filtration [35]. The retention
of hIi by oligomerization may cause large endosomes to
form as a result of the assembly of hIi ‘rafts’, which inhibit
fission or budding of the hIi-containing vesicles. On the
contrary, an interaction of the cytosolic tail may also lead
to the fusion of different hIi-containing endosomal vesi-
cles forming larger units (i.e., one hIi tail interacts with
two tails from another vesicle). Immunofluorescence [16]
and immunoelectron microscopy [42] studies have shown
that the large vesicular structures exist after proteolytic
processing of the luminal domain of hIi. This observation
indicates that the cytosolic tail is important for the mainte-
nance of these large endosomes at later, more proteolytic
stages of the endocytic pathway.
Large endosomes are induced by hIi protein and these
vesicles are reduced in size when the cells are transiently
coexpressing the associated α and β chain of MHC II after
transient transfection [16]. In stable cell lines generated in
different species and cell types, we have noted that the
large hIi induced endosomes are much reduced in number
when cells are supertransfected with the MHC class II
molecules, although the level of hIi expression is regu-
lated to be the same by an inducible promoter (S Kjølsrud,
T Nordeng and OB, unpublished results). This might
imply that the α and β chain shield the formation of large
hIi aggregates.
We have shown that in vitro the cytosolic tail of hIi assem-
bles into triple-stranded α-helical bundles which form a
gel network. At this stage, however, we have no firm evi-
dence of a direct correlation between this property and the
observed endosomal retention and enlarged endosomes
induced by hIi. Nevertheless, the data presented here
may imply that the interactions between the cytosolic tails
of hIi form part of a mechanism that could cause the
observed biological effects.
Biological implications
We have determined the solution structure of hIi-(1–27),
a peptide corresponding to the first 27 amino acids of
the cytosolic tail of human invariant chain (hIi), a trans-
membrane protein that associates with class II MHC
molecules. In the aggregated form studied here, the
peptide contains structural determinants relevant to the
understanding of protein folding. At high concentration
the peptide forms a new triple-stranded α-helical bundle
in which the helices, two parallel and one antiparallel,
are almost coplanar. The structure is largely stabilized
by the pattern of polar and hydrophobic residues and
appears to be independent of the geometric properties of
the amino acid sidechains involved in the trimerization.
The helical arrangement of the coplanar trimer described
here is reproduced within two transmembrane proteins
of known structure, bacteriorhodopsin and aquaporin-1.
Thus, this new structure will help in predicting the
packing of rhodopsin-like G protein-coupled receptors,
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which share the structural framework of seven trans-
membrane helices. Furthermore, the structure establishes
a new motif which may help our understanding of the
topology and the design of membrane protein channels.
Regarding the biological functions of hIi, our findings
suggest that it is the interactions between cytosolic
domains that modulate the nature of the endosomal
pathway and thereby may modulate the antigen pro-
cessing compartments. This effect might be via an
increased fusion of endocytic vesicles when the tails
interact, or the cytosolic domain interaction may lead
to inhibition of the process whereby vesicles bud off.
This may explain biological data showing that hIi
retards the endocytic process and the finding that over-
expression of hIi leads to the formation of large endo-
somal vesicles.
Materials and methods
Sample preparation
The peptides (MDDQR5DLISN10NEQLP15MLGRR20PGAPE25SK and
its W26 derivative) were synthesized as already described [14].
Samples were prepared by dissolving appropriate amounts of the
peptide in 0.4 x 10–3 l of 1H2O buffer (20 mM phosphate and
150 mM NaCl, pH 7.2), with the concentration ranging from
0.92 x 10–4 M to 1.0 x 10–2 M. The samples were lyophilized and
redissolved in C2H3O1H. The temperature was 300K. Partially deu-
teriated methanol was obtained from Cambridge Isotope Laborato-
ries (Woburn, MA, USA).
NMR spectroscopy
NMR spectra were recorded on a Bruker DRX-500 spectrometer
equipped with a triple resonance probehead and pulsed field gradients.
Proton chemical shift assignments were performed using conventional
2D and 3D homonuclear techniques. 2D-NOESY [43] and TOCSY [44]
were recorded in the phase-sensitive mode with quadrature detection in
ω1 provided by the time-proportional phase incrementation scheme
[45]. 16 transients of 2048 points were collected for each of the 512 t1
increments, with a spectral width of 6024 Hz. Time-domain data matri-
ces were all zero-filled in both dimension to 4K, thus yielding a digital
resolution of 2.94 Hz/point. NOESY experiments were obtained with
mixing times of 0.040, 0.080 and 0.16 s with no random variation.
Clean version [46] of the TOCSY experiments, were recorded with spin-
lock periods of 0.046 and 0.086 s, achieved with the MLEV-17 pulse
sequence [47]. The 3D 1H-1H NOESY-TOCSY [48,49] and NOESY-
NOESY [50,51] experiments were acquired with mixing times of
0.080 s for both mixing periods in the first experiment, and 0.050 and
0.100 s for the second, with eight scans of 1024 points. This was
repeated for 256 t2 values and 256 t1. Time-domain data were zero-
filled once in t2 and t1 and cosine-bell windows were used in all three
time domains. An automatic third-order polynomial baseline correction
was applied on the three frequency domains. Processing was per-
formed using TRIAD (Tripos Inc., St Louis) and Aurelia 2.0 (Bruker Ana-
lytische) running on Silicon Graphics Indigo2 R4400 computers.
Structure calculation
Distance restraints for structure calculations were obtained by integrat-
ing the volumes of NOE peaks at different mixing times and fitting the
build-up of the NOEs to a second-order polynomial. Using an r–6
dependence of the initial slope, the corresponding interproton dis-
tances were calculated. In those cases where this procedure failed in
fitting the build-up, the distance restraints were set to a maximum dis-
tance of 4.5 Å. Peaks that appeared to be overlapped in the 2D-
NOESY spectra and peaks picked from the 3D experiments were also
set to the maximum distance restraints of 4.5 Å. An upper bound for all
distance restraints was set to 10% above the calculated distance while
the lower bound was conservatively set to 2.5 Å, representing a value
close to the van der Waals contact. For the methyl protons a correction
of 0.3 Å was made [52]. φ and ψ dihedral angle restraints were derived
from 3JNHα coupling constants. For the α-helical region, values of –60°
± 30° and –40° ± 30° were used for the φ and ψ angles, respectively;
for the residue in position 2, φ =–60° ± 20° and ψ = 120° ± 20°; and
for the residue in position 3 in the type II β turns φ = 80 ± 20° and ψ =
0° ± 20°. Hydrogen-bond restraints were obtained by analyzing the
1H/2H exchange rate and the NOE patterns characteristic of α helices.
Two distance restraints, rNH–O (1.8–2.3 Å) and rN–O (2.3–3.3 Å), were
used for each hydrogen bond. The final structure of the monomer alone
was calculated with 326 NOEs (101 intraresidue, 123 sequential
[αCHi-NHi+1 and NHi-NHi+1], and 102 medium range [αCHi-NHi+n,
n ≥ 2 and αCHi-βCHi+3]). For each monomer within the aggregate we
added three new NOEs (two sequential and one medium-range). The
final structure of the trimer was calculated with a total of 1027 NOEs,
which included 40 intermolecular NOEs defining the mutual orientation
of single chains.
Model building and preliminary calculations were performed on an United
Atom (UA) model [53] with the SYBYL 6.2 package (Tripos Inc., St
Louis). The solvation effects were roughly included using a distance-
dependent dielectric constant ε = r. A cut-off radius of 8 Å for nonbonded
interactions, with a residue-based pairlist generation routine, was applied
to all calculations. In the UA model, distance restraints were included as
C–C or C–N distance increasing the upper limits calculated for interpro-
ton distances of 1Å. Semiparabolic penalty functions were used with
force constants in energy minimization (EM) and room temperature MD of
5 kcal mol–1rad–2 for dihedral restraints and 5kcal mol–1Å–2 for distance
restraints. In SA and preliminary MD simulations a time step of 1 fs, with
no restraint on bond length applied, was used. SA was performed with
different lengths (from 10 to 250ps), temperature (maximum values from
500 to 800K, applied for 25% to 75% of the total time, cooling rates
from 1 to 5K ps–1) and restraint force constant time profiles. EM and MD
simulations with solvent were performed with the SANDER module of the
AMBER 4.1 package using the AMBER/OPLS force field [54,55]. A time
step of 2 fs, with rigid restraining of all the bond lengths (SHAKE algo-
rithm) [56,57] and periodic boundary conditions were applied. All MD
simulations were performed in the isothermal-isobaric ensemble (300K,
1 atm), with a solvent box which initially extended 8 Å from the most
external solute atom on each side of the box. The final analyses were per-
formed with specific modules of the AMBER 4.1, SYBYL 6.2, and
WHAT IF 4.99 [58] packages. For molecular graphics we used the pro-
grams SYBYL (6.2 Tripos Inc., St. Louis) and MidasPlus 2.0 [59] from
the Computer Graphics Laboratory, University of California, San Fran-
cisco (supported by NIH RR-01081), and MOLMOL [60] rendered with
the POV-ray software.
Molecular weight characterization of the trimer
Gel filtration of the hIi-(1–27) peptide was carried out using a 1 x 50 cm
column of Sephadex LH-20 eluted with methanol, pH 7.2, at a rate of
8 ml h–1. 0.5 ml of each solution corresponding to those used for NMR
spectroscopy were applied to the column, and 1.0 ml fractions were
collected. Proteins used as molecular weight markers were from Sigma
(α-chymotrypsinogen, RNase S protein and aprotinin) and Boehringer
Mannheim (insulin B-chain).
ESI-MS measurements were performed with a BIO-Q triple quadrupole
mass spectrometer (Micromass, Manchester, UK). The ion spray inter-
face temperature was kept at approximately 313 K for all measure-
ments. The quadupole mass analyzer, with a nominal m/z range of
2000, was operated at unit resolution. Mass calibration was performed
by means of multiple charged molecular ions from a separate injection
of myoglobin. Peptide solutions were prepared in 2.0 x 10–3 M ammo-
nium acetate:methanol (9:1), and the pH adjusted with acetic acid and
aqueous ammonia.
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Accession numbers
Coordinates will be deposited with the Protein Data Bank, Brookhaven
National Laboratory. In the meantime they may be obtained via elec-
tronic mail from amot@nmr.icmib.na.cnr.it.
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